In order to create viable sociotechnical systems, such as product-service systems, methods to design and analyze such systems are necessary. Dynamic modeling and simulation techniques such as Agent Based Modeling or System Dynamics are suitable techniques that extend the repertoire of existing model-based systems engineering for this purpose. However, due to the complexity involved in efficiently creating, managing and conducting experiments with a large number of such models, an approach is needed to support the modeling process and create transparency. The key result presented in this paper is a meta-model in the form of a MDM, which contains the domains and dependencies necessary to map the process of dynamic modeling of complex sociotechnical systems. The meta-model is the result of an academic case study, where static and dynamic models of a productservice system have been developed.
Introduction
System models and the activities involved in creating, handling and analysing these models are important artifacts and steps in the development of complex products and product-service systems (PSS). PSS represent combined offerings of technical products and intangible services, designed in order to deliver value-in-use to the customer (Baines et al., 2007) . Due to the number of domains and disciplines involved in developing viable PSS, Model-Based Systems Engineering (MBSE) is often mentioned as a suitable approach to support the development of such complex systems, addressing aspects such as specification, design, validation, and operation. This is evidenced by the number of different MBSE methodologies in existence (cp. Estefan, 2008) . However, the modeling techniques commonly applied in traditional MBSE, such as SysML (Systems Modeling Language) and UML (Unified Modeling Language) only allow for static modeling of system structure and behavior, such as state charts and process diagrams. In terms of modeling and evaluating dynamic behavior of complex systems, a number of dynamic simulation modeling techniques exist, such as System Dynamics (SD) and Agent Based Modeling (ABM). While these are more commonly applied in research fields such as in the social and, increasingly, engineering sciences for theory development, they are also increasingly gaining interest in practice for developing and managing complex sociotechnical systems, such as PSS (Davis et al., 2007; Harrison et al., 2007) . Dynamic simulation models can be applied in order to conduct experiments for the identification of the probabilities of certain events happening (e.g. relating to emergent behavior) and the sensitivities of the impact of certain parameters on system behavior and outcome, which is measured using Key Performance Indicators (KPIs). Hence, a promising application of dynamic simulation modeling lies in the evaluation of design alternatives of complex sociotechnical systems such as PSS under certain operating conditions. The evaluated
Background
In order to provide a deeper insight, this section offers a short introduction into the topics covered by the paper. This extends to: sociotechnical systems, strategic design alternatives, dynamic modeling, the academic example of a PSS that forms the case study integral to the research approach presented in section 3, and the process for developing dynamic models developed as part of this research.
Sociotechnical Systems
Sociotechnical Systems are systems which do not only encompass technical, but also social systems. Examples of sociotechnical systems are the aforementioned PSS, which cause a tight coupling of stakeholders with technical systems over the PSS lifecycle, such as suppliers, customers or policy-makers. Sociotechnical Systems are characterized by a form of complexity called nested complexity, which is created by the basic structure of sociotechnical systems: A complex technical system, surrounded by an organizational sphere (consisting of the various stakeholder networks), forming bidirectional interactions and consequently influencing each other. Further, the organizational sphere is hard to quantify and approximate by established engineering models and methods. Instead, a Christoph Hollauer, Julian Wilberg, Mayada Omer DSM 2015 number of often qualitative methodologies are required for analysis, such as stakeholder evaluation and organizational analysis. (Sussman et al., 2009) Areas and approaches that explicitly address sociotechnical systems are: Cognitive systems engineering, macroergonomics, human-systems integration and resilience engineering (Hettinger et al., 2015) .
Strategic design alternatives
Strategic design alternatives are the changes taken into consideration in order to optimize the performance of the sociotechnical system in question. They can be developed for the technical as well as organizational aspects of a sociotechnical system. More specifically, the strategic design alternatives can be classified into three types: Physical changes affecting components of the technical system, policy-driven changes affecting the influence of the organizational sphere on the technical system and actor-based changes affecting stakeholders/actors and their relationships between each other. The strategic design alternatives can be grouped in sets, called "bundles" (Sussman et al., 2009 ).
Dynamic Modeling
A number of different approaches for modeling and conducting dynamic simulation exist. This paper focuses on System Dynamics (SD) and Agent Based Modeling (ABM), both of which have existed for decades and are well-established, especially in the social sciences (Gilbert and Troitzsch, 2011) . SD is a top-down approach to modeling and analyzing the dynamic behavior of complex systems, created during the 1950's by Jay Forrester (Forrester, 1971 ). Stocks of items or entities and flows between them as well as causal loop diagrams influencing the stocks and flows form the main concepts of SD models. The main idea behind the modeling approach is that dynamic behavior is impacted strongly by the reinforcing or inhibiting influence of closed feedback loops (Sterman, 2000) . It is mostly used for creating highlevel models of aggregated dynamic behavior and hence is best used for modeling strategic aspects (Borshchev, 2013) . ABM, or multi-agent models, on the other hand represents a bottom-up modeling approach. One of the first agent-based models was Thomas Schelling's dynamic model of segregation (cf. Schelling, 1971) . The model is formed by autonomous entities capable of independent decision-making called agents. These agents represent system components or entities, e.g. products or users governed by their own behavioral rules explicitly defined by the modeler. As such, the modeling technique allows the observation of emergent behavior that might have not been intended or planned by the system designers (Maisenbacher et al., 2014) .
Academic example of a PSS
The case study used for creating static and dynamic models is formed by a PSS example designed by students in a supervised development project. The mobility-oriented PSS consists of an electric bike (more specifically, a pedelec) with an integrated computer for accessing services, such as conducting the bike booking process, payment, and navigation. As such, the PSS can be classified as a use-oriented PSS (Baines et al., 2009 ). The hardware and software components of the PSS have been well defined during the Part 0: Basic instructions DSM 2015 development process, including a locking mechanism for parking and an on-board computer to access data and services. For the research presented in this paper, the following elements have been defined before or during the creation of the static models: the system boundaries and objectives (a sustainable, affordable, flexible bike sharing system to be integrated into municipal public transport systems), additional services, and the resulting makeup of the organizational sphere, such as a supply chain topology. For the creation of static models, an approach based on the definition and repeated detailing of use case models was defined and applied. Based on the information in the static models, dynamic models have been developed. An example such a dynamic model are the SD model and the ABM presented in Figure 1 . The SD model order fulfillment and production within a PSS supplier and is an excerpt of a larger SD model, capturing the effects of and feedback loops between customer acceptance, service quality, system availability, maintenance, and supply chain performance. The ABM models the spatial distribution of bike renting and servicing stations using actual geographic maps. 
Process for creating dynamic models
In order to model the academic example presented in section 2.4, a process has been defined for creating dynamic simulation models based on information stored in static system descriptions. A graphical representation is given in Figure 2 .
• First, the system in question is modeled as static, domain-specific descriptions, e.g. in the form of SysML or BPMN (Business Process Model and Notation) diagrams, or diagrams in domain-specific languages for technical systems or service processes. Along with graph-based approaches, this can also include matrix-based approaches such as DSMs. Furthermore, besides the basic system description, models to describe specific design alternatives (essentially variants) can be included. Further in the development process, this information is then used in order to create dynamic simulation models of the PSS. These dynamic models have exogenous parameters that can be influenced by the model user and an internal structure with endogenous variables that represent the state of the model. Eventually, the outcome of experiments conducted using these dynamic models quantifies the KPIs included in the dynamic models. Such experiments can be the systematic variation of one or more parameters, or the modification and comparison of model variants, such as the modification of the behavioral rules of an agent.
Research Approach
The data necessary for the development of the approach presented in this paper has been created as a result of the case study presented in section 2.4. Over the course of this case study, the modeling process as presented in Figure 2 was carried out. Modeling object of the case study was the academic example for a PSS presented in section 2.4. Some of the data was already available in the form of static models, before the research conducted in this paper started. The models reused during the static modeling step include models of the technical system, hence the e-bike itself. Further models created describe use cases with stakeholder involvement (e.g. user interactions with the e-bike), requirements, the supply chain topology, the functional architecture of the system, and the defined service architecture. Most of the models were created using the appropriate SysML diagrams, some however were created based on domain specific languages (e.g. the use case models). Dynamic models were created specifically as part of the research approach. Models created during the dynamic modeling step include e.g.:
 A System Dynamics model covering aspects of service quality, system functionality, customer satisfaction and development, and supply chain performance on an aggregate level. The model depicts the impact of system availability and service quality on user satisfaction. Consequently, the influence of user satisfaction on PSS usage is calculated and discrepancies between actual and required supply chain performance can be shown.  An Agent Based model, representing the effects of number and spatial distribution of the nodes of the station network on customer satisfaction. The model implements simple rules concerning bike movement and calculates failure rates and service intervals. Over the course of the applied modeling process, the important aspects, meaning the core elements of the models influencing the process were identified and included in the metamodel as domains. Along with the identified dependencies, the meta-model has been 
A Framework to Support Dynamic Modeling
This section contains the results derived from the applied research approach. First, the meta-model in form of a Multi-Domain Matrix (MDM) will be described. Afterwards, possible implications and applications for the individual matrices will be presented.
Meta-Model Overview
Eppinger and Browning (2012) define 4 primary types of Design Structure Matrix (DSM) models: Product Architecture DSMs, Organization Architecture DSMs, Process Architecture DSMs, and Multidomain Matrices (MDMs). In this paper, a framework in the form of a MDM is presented representing a Process Architecture, extended by elements corresponding to elements of dynamic models. The primary goal of the framework is to provide transparency concerning the mutual dependencies between the domains involved. The domains and dependencies necessary for the creation of the meta-model have been derived based on the data generated by modeling the academic example presented in section 2.4. First, the domains of the framework are defined as follows:
 Design alternative: Strategic design alternatives as defined in section 2.2. Design alternatives need to be analyzed for incompatibility. In regard to their implementation as dynamic models, design alternatives affect parameters and model structure elements, and as such indirectly affect dynamic models.  Parameter: Exogenous parameters that can be externally manipulated as part of experiments. Endogenous parameters or variables on the contrary are be variables that are not manipulated externally. They can represent KPIs used to describe the state of a system.  Model Structure Element: An element of a dynamic model, such as an agent or a specific function in an ABM, a stock, flow or causal relationship in a SD model  Dynamic Model: An enclosed model, implemented using a dynamic modeling technique, such as ABM or SD. The model contains all necessary elements in order to allow the simulation and analysis of a certain system aspect in the form of experiments.  Experiment: An analysis conducted using a specific dynamic model as basis.
Over the course of an experiment, exogenous parameters are manipulated and a specific variant of a dynamic model can be created, e.g. changing a causal relationship or the behavior of an agent.  KPI: A measurement used to quantify the performance of a strategic design alternative, which is derived from objectives (e.g. Customer acceptance: number of customers, customer development over time etc. Sustainability: products repaired, items recycled etc.). KPIs are quantified as part of experiments and need to be included in the respective dynamic models. KPIs generally help to monitor important system aspects and thus aid in reducing complexity.  Result: The value, range, or progression of a chosen KPI, resulting from a specific Experiment Christoph Hollauer, Julian Wilberg, Mayada Omer
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The MDM including the relevant domains and interactions are presented in Figure 3 . Figure 3 : MDM of the modeling process
Implications and examples of application
Based on the meta-model, a number of implications can be drawn to support and potentially improve planning of dynamic modeling and consequently the process of creating and evaluating design alternatives of complex systems using dynamic models. The implications can be used to conduct further analysis using the respective DSMs and DMMS or to support the development of tools to support the modeling process, such as consistent checklists or databases. The following list presents a few of these possibilities:
 Before dynamic modeling is conducted to evaluate design alternatives, the DSM DA→DA can be used in order investigate the proposed design alternatives for incompatibility. This ensures that incompatible bundles and thus unnecessary analyses are sorted out from the beginning.  Models can be investigated and grouped in regard to common in-and outputs in the process, using cluster analysis (DM→P; DM→KPI). In order to leverage synergetic effects, the analyses can e.g. be conducted by the same person. Further, model clusters can be used in order to investigate, cross-evaluate and hence improve the robustness of experiment results and feedback loops between inputs and outputs of multiple models can be identified.  The DMMs DA→DM, or, to add more details, the DMMS DA→P and DA→MSE can be used in order to trace changes made in design alternatives to the respective models and experiments that are used to test their performance.  Especially in a large set of dynamic models in distributed development processes, individual models can be identified, according to the KPIs included, exogenous parameters or model structure elements such as specific agents (DM→KPI, DM →P, DM →MSE). This can also support model reuse. The framework for example can support the development of checklists or databases.  Consequently, the framework can support the mapping of the "model space": For example, the need for further model creation can be identified in a goal oriented way, based on the information already available, e. g when new KPIs are added.  KPIs can be analyzed for mutual exclusivity, using the DSM KPI→KPI to improve the efficiency of the process by eliminating redundant KPIs.  Identification of experiments that manipulate the same parameters, i.e. similar or at redundant experiments, which may be desired and intentionally planned (to increase robustness) or avoided (for greater efficiency).  Based on the standard process, the influence of modifications of parameter values and model structure elements on KPIs can be mapped using the DMMs P→KPI and MSE→KPI. In combination with the DMMs E →KPI, E →R, and R →KPI, the resulting information can be used in order to prepare subsequent plausibility and sensitivity analyses.  The individual matrices of the framework serve as a form of documentation of the modeling process itself. Parts of the framework were applied to two models, an Agent Based and a System Dynamics model, excerpts of which are presented in figure 1. It was found that both models rely on the failure rate of bicycles as input parameters. Furthermore, interfaces between these two models can be identified using the framework, e.g. using DMMs DM→ P and DM→KPI. Hence, output created by one model as part of a specific experiment can be used as input for the other model. For example, both models implement a maintenance process, creating a commonality between both models: Since the ABM is far more detailed in terms of spatial system properties and uses minutes as time intervals, as opposed to hours in the SD model, the data generated concerning the workload for the maintenance process can then be used to generate an average to be used in the SD model, to estimate effects a certain workload might have on overall customer satisfaction, or in terms of recycled material that gets fed back into the supply chain.
Conclusion
In this paper, a framework based on structural modeling techniques has been presented. The goal of the framework is to support the management and planning of dynamic modeling activities during product development. This entails activities such as the design of dynamic models and experiments, and the analysis of results from conducted experiments. The framework can for example serve as a way to document and communicate available dynamic models within a development project. Hence, the matrices can serve as a tool to quickly find models needed to answer specific questions. This could also help to create transparency for non-experts in dynamic modeling and simulation in terms of communication. However, there are limitations of the applied approach: The case study presented in this paper only covers an academic example. In reality, the dynamic models used to test various aspects of complex sociotechnical systems such as PSS under various assumptions and configurations can reach far higher numbers and are distributed over various development Christoph Hollauer, Julian Wilberg, Mayada Omer DSM 2015 teams and locations. Also, in this example, only Agent Based and System Dynamics models are considered. In reality, a vast number of other simulation models, e.g. to cover specific technical aspects, may be considered. Further limitations lie in the collection and inclusion of parameters and model structure elements in the respective DSMs and DMMs. The language used for system parameters (input) and KPIs (output) needs to be standardized in order to allow meaningful analyses and inference to the respective models and the statement of the parameter. Also, the right level of detail needs to be found in order for the matrices to be consistent. Another approach would be the construction of the DSM MSE→MSE, representing e.g. hierarchical relationships between Model Structure Elements such as agents, state charts, endogenous variables etc. The paper covers only the aspects regarding the dynamic modeling sections of the process. Analysis of the static models needs to be covered separately, but also promises an increase in modeling efficiency for creating dynamic models, due to the additional information created. Another point of inquiry are translation rules between static and dynamic models, e.g. between SysML models and Agent Based Models. Such rules would allow for a (semi-) automatic creation of dynamic models, for early testing and thus contribute to a further reduction in modeling effort. Besides, the framework could be extended by including organizational elements, tailored to the specific conditions present in an industrial environment, such as roles and responsibilities (e.g. the creator of a design alternative or dynamic model), phases or activities of the development process, etc. In terms of evaluation, the framework needs to be tested in an industrial context, incorporating a larger dataset of dynamic models in order to evaluate how well the framework performs in terms of scalability.
